15% of seronegative recipients of marrow from a seropositive donor (102) . HCMV pneumonia remains associated with a significant risk of mortality, even when specific antiviral treatment is administered (18, 101) . Gastrointestinal disease, alone or in association with pulmonary disease, is the second most common clinical manifestation of HCMV infections in that setting (85) .
In addition to AIDS patients and transplant recipients, HCMV infections have been associated with serious complications in other immunocompromised hosts, such as cancer patients, mostly those suffering from hematologic malignancies (48) , and children with congenital primary immunodeficiencies (135) . Finally, congenital HCMV infections can result in severe sequelae in newborns or during the first years of life (22) .
ANTIVIRAL AGENTS FOR TREATMENT OF HCMV INFECTIONS
Three antiviral agents and a prodrug are available for the systemic treatment of HCMV infections, and their mechanisms of action are summarized in Fig. 1 . Ganciclovir (GCV; Cytovene, Hoffmann-La Roche) is a deoxyguanosine analogue and in 1988 was the first drug to be approved for the treatment of HCMV. Since then, it has remained the first-line treatment for HCMV infections in immunocompromised patients. Upon entry into HCMV-infected cells, GCV is selectively phosphorylated by a viral protein kinase homologue (the product of the UL97 gene, pUL97). Subsequently, cellular kinases convert GCV monophosphate into GCV triphosphate, which acts as a potent inhibitor of the HCMV DNA polymerase (pol) by competing with dGTP on the enzyme binding site. GCV is also incorporated into the viral DNA, where it slows down and eventually stops chain elongation (7, 15, 122) . GCV formulations are available for intravenous (i.v.) or oral administration and as ocular implants for the local treatment of HCMV retinitis. Due to its poor bioavailability (ϳ6%), efforts were made to develop prodrugs of GCV. Valganciclovir (VGCV; Valcyte; Hoffmann-La Roche) is a new valyl ester formulation of GCV that exhibits about 10 times the bioavailability of GCV following oral administration (107) .
The other two compounds approved for systemic treatment of HCMV infections are also potent inhibitors of the viral DNA pol. However, due to their toxicity profiles, they are usually reserved for treatment of patients who have failed or who do not tolerate GCV therapy. Cidofovir (CDV; Vistide; Gilead Sciences) is a nucleotide analogue of cytidine that only requires activation (phosphorylation) by cellular enzymes to exert its antiviral activity (36) . Once it is in its diphosphate form, CDV inhibits HCMV DNA pol by a mechanism similar to that of GCV. Foscarnet (FOS; Foscavir; Astra-Zeneca), a pyrophosphate analogue, differs from CDV and GCV both by its mechanism of action and by the fact that it does not require any activation step to exert its antiviral activity. FOS binds to and blocks the pyrophosphate binding site on the viral polymerase, thus preventing incorporation of incoming deoxynucleoside triphosphates (dNTPs) into viral DNA (35) . Finally, formivirsen (Vitravene; Novartis) is a 21-nucleotide (nt) antisense with sequence complementary to the HCMV immediate-early-2 mRNA that interferes with HCMV replication at an early stage during the replication cycle (99) . Its only indication at present is for the local treatment of HCMV retinitis in AIDS patients.
In addition to the treatment of established HCMV disease, antivirals have also been used to prevent such symptomatic episodes, especially in transplant recipients. The first strategy, defined as universal prophylaxis, consists of administration of an antiviral to all patients during the first 3 months or so after transplantation. The second strategy, referred to as "preemptive therapy," consists of the use of short courses of antivirals only for high-risk patients on the basis of evidence of active viral replication (e.g., detection of early HCMV antigens, such as the pp65 protein, or sufficient amounts of viral DNA or mRNA) or during intense immunosuppression (e.g., with antithymocyte globulins) (17) . Those preventive strategies have shown efficacy in the prevention of classical HCMV disease episodes (i.e., those occurring during the first months following transplantation) in both SOT and HSCT patients (18, 86, 106) . However, some studies suggest that prophylaxis may only delay, rather than truly prevent, the onset of HCMV disease in predisposed patients (81, 86, 101, 110, 137) .
PHENOTYPIC AND GENOTYPIC ASSAYS FOR EVALUATION OF HCMV DRUG SUSCEPTIBILITY
Two different, albeit complementary, approaches have been developed to assess HCMV drug resistance. In the phenotypic method, the virus is grown in the presence of various concentrations of an antiviral in order to determine the concentration of drug that will inhibit a percentage (more commonly, 50%) of viral growth in cell culture. To date, the plaque reduction assay remains the "gold standard" for phenotypic evaluation of HCMV susceptibility to antiviral agents. In this assay, a standardized viral inoculum is inoculated in different wells. The virus is then allowed to grow for a few days (typically, 7 to 10 days) in the presence of serial drug dilutions before the cells are stained. The number of viral plaques per concentration is first determined. Then, the percentage of viral growth compared to the growth in a control well without antiviral is plotted against the drug concentrations to determine the concentration that will inhibit the growth of 50% of viral plaques (50% inhibitory concentration [IC 50 ]). Even though recent efforts have been made to standardize this assay (77) , the interassay and interlaboratory variabilities are still problematic. In addition to the relative subjectivity of this method, there are some differences in the cutoff values that define drug resistance, depending on the laboratory. Similar assays, based on either detection of HCMV DNA by hybridization (39) or quantitative PCR or detection of specific HCMV antigens by enzymelinked immunosorbent assay (125) , flow cytometry (69, 93) , immunofluorescence assay (126), or immunoperoxidase assay (51), have also been developed. Among those assays, the results obtained by a commercial DNA-DNA hybridization assay (Hybriwix probe system/cytomegalovirus susceptibility test kit) developed by Diagnostic Hybrids (Athens, Ohio) have shown a good correlation with those obtained by the plaque reduction assay (63, 64, 129) . Even if the readout method is more objective, the cutoff values that define resistance are still a matter of debate. Altogether, phenotypic assays are time-consuming and are subject to the selection bias introduced during the growth of mixed viral populations in cell culture (54, 57) , and they may lack sensitivity for the detection of low-level resistance or minor resistant subpopulations (34, 54) .
In contrast to phenotypic assays, which directly measure the drug susceptibilities of viral isolates, genotypic assays detect the presence of viral mutations known to be associated with drug resistance. Those assays are based on the restriction fragment length polymorphisms (RFLPs) of PCR-amplified DNA fragments and on DNA sequencing of viral genes (UL97 and UL54) that have been involved in HCMV resistance to antivirals. One of the greatest advantages of those assays is that they can be performed directly with clinical specimens (19, 134) , thus reducing considerably the time required to obtain results. By omitting the need to grow the virus, such methods also minimize the risks of introducing a selection bias. The limited number of UL97 mutations responsible for GCV resistance has allowed the development of rapid RFLP assays to detect their presence in clinical samples (27, 59) . Indeed, approximately 70% of GCV-resistant clinical isolates contain mutations in one of three UL97 codons (codons 460, 594, and 595) (20) . Typically, the presence of a given mutation will either obliterate an existing restriction site or create a new one. The difference in RFLP patterns can then be visualized following gel electrophoresis. The major advantages of this assay include its short turnaround time (less than 2 days) and its ability to detect as little as 10 to 20% of a mutant virus in a background of wild-type viruses (27) . However, due to reports of new mutations at other codons and by consideration of the possible increased frequency of some mutations associated with lower levels of resistance (possibly as a consequence of the use of oral GCV [34] ), the DNA sequence of the entire UL97 region involved in GCV resistance (see below) should be determined for a comprehensive analysis. DNA sequencing is the method of choice for assessment of the presence of mutations associated with drug resistance in the DNA pol gene due to the large number of mutations reported within all conserved regions of this gene (53) . Genotypic approaches are fast and sensitive, but interpretation of their results (i.e., discrimination between mutations associated with natural polymorphisms [29, 90] from those related to drug resistance) is not always straightforward. In order to prove that a new mutation is associated with drug resistance, recombinant viruses need to be generated by using either overlapping cosmid and plasmid inserts (37) or marker transfer experiments of the mutated gene in a wild-type virus (4, 5, 30) or a genetically engineered virus (28, 34) prior to testing of this mutant virus in cell-based assays.
CLINICAL SIGNIFICANCE, INCIDENCE, AND RISK FACTORS FOR DRUG-RESISTANT HCMV INFECTIONS
Drug-resistant HCMV strains first emerged as a significant problem in patients with AIDS. Numerous studies have documented the emergence of drug-resistant HCMV strains (detected by phenotypic or genotypic methods) and their correlation with progressive or recurrent HCMV disease (mainly retinitis) during therapy (4, 30, 31, 55, 117, 118, 132, 134) . The first study to evaluate the prevalence of GCV resistance in AIDS patients was conducted by evaluating the excretion of GCV-resistant strains in the urine of 31 patients with AIDS treated with i.v. GCV for HCMV retinitis. In that study, no resistant isolates were recovered from patients treated for Յ3 months, whereas 38% of those excreting the virus in their urine after Ͼ3 months of GCV treatment, which represented 8% of the entire cohort of patients, were infected with a resistant isolate (43) . Since then, larger studies have evaluated the temporal emergence of GCV-resistant strains by either phenotypic (63) or genotypic (20) assays. In all studies, GCV resistance (defined by an IC 50 Ն6 to 12 M) at the initiation of treatment was a rare event (Յ2.7% of tested strains). Phenotypic evaluation of isolates from the blood or urine of 95 patients treated with GCV (mostly i.v.) for HCMV retinitis revealed that 7, 12, 27, and 27% of patients excreted a GCV-resistant strain after 3, 6, 9, and 12 months of drug exposure, respectively (63) . On the other hand, a more recent study by our group (20) of 148 AIDS patients treated with VGCV for HCMV retinitis has identified the presence of GCV resistance mutations in 2, 7, 9, and 13% of patients after 3, 6, 9, and 12 months of therapy, respectively. The lower incidence of GCV resistance in the latter study, despite the use of more sensitive genotypic methods, might be explained by differences in the study population, notably, improvement in anti-HIV therapy. Due to their less frequent use in the clinic, fewer data on the temporal emergence of FOS-and CDV-resistant HCMV strains in HIVinfected individuals have been reported. One small study evaluated the incidence of phenotypic resistance to FOS and found it to be 9, 26, 37, and 37% after 3, 6, 9, and 12 months of therapy, respectively, by using an IC 50 cutoff of 400 M (64), whereas another one reported lower rates (13, 24 , and 37% after 6, 9, and 12 months, respectively) by using an IC 50 cutoff of 600 M (129). The data on CDV resistance (IC 50 s Ն 2 to 4 M) are even more limited, but they seem to indicate a resistance rate similar to those of GCV and FOS (64) . Proposed risk factors for the development of HCMV resistance in this patient population include inadequate drug concentrations due to poor penetration into tissue (e.g., the eyes) or poor bioavailability (e.g., oral GCV), a sustained and profound immunosuppression status (CD4 counts Ͻ50 cells/l), frequent discontinuation of treatment due to toxicity, and a high pretherapy HCMV load (41, 102) .
HCMV resistance to GCV appears to be an emerging problem in SOT recipients and has been associated with an increased number of asymptomatic and symptomatic viremic episodes, the earlier onset of HCMV disease, graft loss, and an increased risk of death (10) . Due to the different strategies used for prevention of HCMV infection and the different immunosuppressive regimens in use at different centers and by consideration of the heterogeneity of the transplant populations, it has been difficult to precisely evaluate the temporal emergence of HCMV resistance in that setting. In lung transplant recipients, the reported incidence of GCV resistance has varied from 3.6 to 9% after median cumulative drug exposures ranging from 79 to 100 days (73, 82, 87) . In two of those studies, the incidence of resistance increased to 15.8 to 27% in Dϩ/RϪ patients (82, 87) and occurred as a late complication, i.e., at a median of 4.4 months after transplantation (82) . As opposed to what has been reported in lung transplant recipients, the incidence of GCV resistance in other SOT populations has been much lower in Dϩ/RϪ patients (81, 87) and very occasional in seropositive (Rϩ) recipients (87) . More specifically, Lurain and colleagues (87) studied two cohorts of SOT patients, including heart, liver, and kidney recipients, at two U.S. centers. Phenotypic evaluation for HCMV resistance prompted by either clinical suspicion or positive blood cultures indicated that rates of resistance were generally low (e.g., Ͻ0.5%) at one center and varied from 2.2 to 5.6% at another center, depending on the organ transplanted. Another retro-spective study by Limaye and colleagues (81) evaluated 240 SOT patients, including 67 Dϩ/RϪ patients. In their cohort, GCV-resistant HCMV disease developed only in Dϩ/RϪ patients, with resistance rates of 2.1% for all patients who had received transplants and 7% for Dϩ/RϪ subjects. In the latter group, HCMV resistance was more frequently seen among kidney-pancreas recipients or pancreas recipients alone (21%) than among kidney (5%) or liver (0%) recipients. Of note, cases of GCV-resistant HCMV infections occurred at a median of 10 months after transplantation, with a median total drug exposure of 194 days (129 days of oral GCV), including two to three treatment courses for HCMV disease per patient. Importantly, GCV-resistant HCMV infections accounted for 20% of cases of HCMV disease that occurred during the first year after transplantation (81) .
The first prospective study evaluating the emergence of GCV resistance in SOT recipients was recently reported by our group (21) . In that study, molecular methods were used to assess the emergence of UL97 and UL54 mutations associated with GCV resistance in Dϩ/RϪ patients (175 liver, 120 kidney, 56 heart, 11 kidney-pancreas, and 2 liver-kidney recipients) receiving HCMV prophylaxis with either oral GCV (1 g three times a day) or oral VGCV (900 mg once a day). Among 301 evaluable patients, the incidence of GCV resistance at the end of the prophylactic period (day 100 posttransplantation) was very low in both arms (0 and 1.9% for the VGCV and oral GCV arms, respectively). During the first year following transplantation, GCV resistance-associated mutations were found in 0 and 6.1% of patients at the time of suspected HCMV disease after receiving VGCV and oral GCV prophylaxis, respectively. Of note, however, no lung transplant recipients and a small number of kidney-pancreas recipients were included in the study (21) , which might explain at least partly the low level of emergence of GCV resistance in that study. Interestingly, detection of known GCV resistance mutations was not necessarily associated with adverse clinical consequences in the latter study (21) . Documented risk factors for the emergence of GCV resistance in SOT patients include the lack of HCMVspecific immunity (as encountered in the Dϩ/RϪ group) (1, 8) , lung or kidney-pancreas transplantation, longer lengths of drug exposure (prophylaxis Ͼ preemptive therapy), suboptimal plasma or tissue drug concentrations (as seen with oral GCV), the use of potent immunosuppressive regimens, a high HCMV load, and frequent episodes of HCMV disease (10, (80) (81) (82) .
Limited data from small-scale studies suggest that the problem of GCV resistance in the BMT-HSCT population might not be as important as what has been observed in SOT recipients and AIDS patients, perhaps because of the more limited exposure to immunosuppression. In a study published by our group (56), molecular methods were used to detect the presence of the most common UL97 mutations associated with GCV resistance in blood samples from HSCT patients selected on the basis of having a positive HCMV PCR result, despite Ն14 days of preemptive i.v. GCV, or a second viremic episode within the first 98 days after transplantation. No UL97 mutations associated with GCV resistance were detected in this cohort of 50 patients (10 of them fulfilled the criteria for genotypic testing presented above) (56) . In another study designed to evaluate risk factors and outcomes associated with rising HCMV antigenemia levels during preemptive therapy, Nichols and colleagues (103) prospectively evaluated 119 HSCT patients receiving preemptive GCV or FOS therapy following a positive pp65 antigenemia test result. Among those subjects, 47 (39%) exhibited a significant rise in antigenemia levels, despite antiviral administration, and at least one isolate was available for susceptibility testing from 15 subjects. Only one GCV-resistant isolate was identified in a patient who received GCV therapy for 4 weeks (103). In contrast, Erice et al. (47) reported genotypic or phenotypic evidence of infection with a GCV-resistant HCMV strain in two of five selected patients who had received GCV for a median of 58 days. However, all five patients had also received acyclovir prophylaxis for a median of 47 days, which could have been a predisposition to the selection of a GCV-resistant HCMV strain (95) . Of note, the impact of prior acyclovir treatment in selecting for GCV resistance has not been confirmed by another group (42) . Even though short courses of GCV therapy appear to be relatively safe in adult BMT patients, the situation might differ in the pediatric setting, as reported by Eckle and colleagues (44) . In their study of 42 patients receiving T-celldepleted transplants from unrelated donors, 3 showed genotypic evidence of GCV resistance, followed by the excretion of a resistant strain after 30 to 93 days of GCV exposure. Of note, in the same study, none of the 37 patients who underwent a similar procedure, but who received their transplant from a mismatched related donor, developed GCV resistance (44) . The rapid emergence of GCV resistance was also documented in four of five children with congenital immunodeficiency disorders who underwent T-cell-depleted BMT (135) . In those patients, genotypic evidence of GCV resistance was demonstrated after only 7 to 24 days (median, 10 days) of cumulative GCV therapy. Finally, the emergence of GCV-resistant strains has recently been associated with the occurrence of previously uncommon central nervous system HCMV disease and retinitis late after HSCT (57, 133).
MOLECULAR MECHANISMS OF HCMV RESISTANCE TO CURRENT ANTIVIRAL AGENTS
As anticipated from its mode of action ( Fig. 1) , HCMV resistance to GCV can be the result of alterations in two different viral gene products, namely, pUL97 and the viral DNA pol (pUL54). The UL97 protein is responsible for GCV monophosphorylation in HCMV-infected cells (83, 122) and is thus involved in HCMV resistance only to GCV. In fact, this mechanism of resistance (i.e., decreased phosphorylation of GCV) was recognized in laboratory-derived mutants (13, 119) and clinical resistant HCMV strains (12) even before pUL97 was identified as the protein responsible for such activation. Since then, studies of recombinant HCMV UL97 mutants (88) and recombinant vaccinia viruses expressing wild-type or mutated forms of UL97 (2, 62) have confirmed this mechanism of resistance. Several genotypic studies have identified UL97 mutations in over 90% of GCV-resistant HCMV clinical isolates (34, 49, 65, 66, 116) , implying that impaired drug phosphorylation is the most important mechanism of GCV resistance in HCMV.
Even though the precise role of pUL97 in the HCMV replication cycle has still not been clearly elucidated, major advances in our understanding of its biological function have been recently made. The assumption that pUL97 has an important role in the viral replication cycle was confirmed by showing that the replication capacities of recombinant viruses with a UL97 deletion were severely impaired (108). Whether or not mutations associated with GCV resistance have an influence on viral fitness in the absence of selective pressure remains controversial. Data from one study reported that single amino acid substitutions associated with GCV resistance could result in a loss of viral fitness ranging from 3.5 to 13% (45), whereas another group (33, 34) found no significant loss of replication when residues 595 to 603 or residues 591 to 607 were deleted. Nevertheless, clinical strains with UL97 mutations appear to be fully pathogenic (79, 113, 117) . Other insights into the biology of pUL97 came from biochemical and sequence analyses. Even though the protein is able to phosphorylate GCV, acyclovir, and pencyclovir (two other nucleoside analogues mainly used to treat herpes simplex virus [HSV] infections) (123, 139) , the natural nucleosides (dA, dC, dT, and dG) are not phosphorylated by pUL97 (94, 97) . Indeed, pUL97 shows no homology with known nucleoside kinases but, rather, shares sequence homology with protein tyrosine kinases and bacterial phosphotransferases (25, 58) . Those homologies have allowed the recognition of conserved regions within the gene (Fig. 2) . Finally, pUL97 has been shown to be a structural component of the virion with autophosphorylation properties (130) , and independent studies have suggested a role for the protein in DNA replication, probably through phosphorylation of the DNA pol processivity factor (pUL44) (91, 131) , as well as in DNA encapsidation and/or nuclear egress (72, 131) .
To date, UL97 mutations associated with GCV resistance that result in either amino acid substitutions or short (1-to 17-amino-acid) in-frame deletions have been found at codons 460 and 520 or in a region defined by codons 590 to 607 (Fig.  2) , which are thought to be involved in ATP binding and substrate recognition, respectively. Only a few amino acid substitutions potentially associated with GCV resistance have been reported at other residues. Two of those are located at the 3Ј extremity of the gene (Fig. 2) , and the other two (V466M [20] and P521L [44] ) are located close to codons known to be involved in GCV resistance (codons 460 and 520). However, the last two mutations were identified in clinical samples with no corresponding isolates, DNA pol mutations conferring GCV resistance were also present in one case (P521L), and their role in GCV resistance has not been confirmed by marker transfer experiments. Readers are referred to a recent review by our group (53) for an exhaustive list of UL97 mutations associated with GCV resistance. Nevertheless, some important aspects related to those mutations are worth mentioning. The cumulative results obtained from three recent studies that have documented the emergence of UL97 mutations in clinical isolates (66, 87) or in blood samples (20) from 61 AIDS and SOT patients are in general agreement with the proposed frequency of UL97 mutations, based on characterization of 76 independent UL97 mutants gathered in a single laboratory over years (34) . Those data suggest that mutations A594V (30 to 34.5%), L595S (20 to 24%), M460V (11.5 to 14.5%), and H520Q (5 to 11.5%) represent the most frequent UL97 mutations present in GCV-resistant mutants. Other frequent UL97 mutations associated with resistance include C592G and C603W. On the basis of marker transfer experiments, mutation M460V (7-fold) (27) , mutation C603W (8-fold) (30) , deletion of codons 595 to 603 (8.4-fold) (33), mutation H520Q (10-fold) (59), mutation L595S (4.9-to 11.5-fold) (27, 34) , mutation A594V (10.7-fold) (27) , mutation C607Y (12.5-fold) (6) , and deletion of codon 595 (13.3-fold) (4) appear to be associated with the highest rate of increase in GCV resistance over that of the parental strain, whereas mutations C592G, A594T, and E596G and deletion of codon 600 seem to confer only a modest decrease in susceptibility (34) . Interestingly, analysis of the GCVphosphorylating activity of mutated UL97 genes expressed in a recombinant vaccinia virus expression system would have predicted that mutations H520Q and M460V confer the highest decrease in GCV susceptibility (2) .
The second viral protein involved in HCMV resistance to all currently approved systemic antivirals is the viral DNA pol (pUL54). The catalytic domain of the HCMV DNA pol, like the polymerases of other herpesviruses, is composed of eight highly conserved regions (regions I to VII and ␦ region C) that partially overlap with three conserved Exo motifs (motifs I to III) (Fig. 3) (9, 16, 78, 115, 138 ). On the basis of homology with other ␣-like DNA polymerases, it has been proposed that the Exo I to III motifs constitute the 3Ј to 5Ј exonuclease site of the enzyme (9, 16, 115) . However, enzymatic analyses of purified mutated HCMV DNA pol proteins (L501F and K513N) suggest that the N-terminal portion of ␦ region C would also participate in this specific enzyme activity (38, 68) . On the other hand, conserved regions II to V (Fig. 3) were proposed to be involved in the polymerization activity of DNA pol in   FIG. 2 . HCMV UL97 mutations conferring GCV resistance. HCMV UL97 conserved regions are represented by shaded boxes. The numbers under the boxes indicate the positions (codon numbers) of these conserved regions (58) . Vertical bars indicate the presence of amino acid substitutions, while the hatched box indicates a region (codons 590 to 607) in which diverse codon deletions (from 1 to 17 codons) have been reported. Other mutations potentially associated with GCV resistance have been described at codons 466 and 521, but no susceptibility testing results were available (20, 44) . ‫,ء‬ the position of the UL97 mutation (codon 397) involved in maribavir (1263W94) resistance (14) .
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on November 8, 2017 by guest http://aac.asm.org/ general (16, 78) , as in that of HCMV (136) . However, more recent enzymatic studies of a purified HCMV DNA pol mutated in the N-terminal portion of ␦ region C (K513N) (38) and of purified HSV DNA pol proteins mutated in the Exo II and III motifs and in ␦ region C (61, 74) show that the two enzymatic functions (i.e., polymerization and 3Ј to 5Ј exonuclease activities) may not behave independently in herpesviruses and may indeed overlap (Fig. 3) . By considering those two enzymatic activities while keeping in mind that GCV triphosphate and CDV diphosphate both act as alternate substrates for the DNA pol enzyme, three possible mechanisms of resistance have been postulated for those two antivirals: (i) a decreased affinity of the enzyme for the inhibitor, (ii) a decreased selective incorporation of the inhibitor into the elongating DNA chain, or (iii) an enhanced selective excision from the DNA chain of the incorporated inhibitors (37) . In the case of FOS, which is not incorporated into the elongating DNA, only the first mechanism of resistance (i.e., decreased affinity of the enzyme) would apply. The first evidence that DNA pol alterations could be involved in drug resistance came from analyses of laboratoryderived mutants (89, 121) as well as from a plaque-purified clinical isolate (124) . The laboratory-derived mutants showed both GCV phosphorylation defects and decreased susceptibility to GCV as well as to nucleotide analogues (CDV and adefovir) that do not require prior virus-dependent activation. Sequence analyses indeed revealed alterations in three distinct conserved regions of the mutant DNA pol genes. When recombinant viruses were generated by transfer of those mutated pol genes into the genome of the reference strain AD169, GCV phosphorylation levels were found to return to normal but the recombinant viruses remained resistant (to a lower level) to GCV as well as to the other DNA pol inhibitors previously mentioned (89, 121) . The plaque-purified clinical isolate exhibited GCV resistance in the presence of wild-type levels of GCV phosphorylation. The mutant was also resistant to CDV, adefovir, and FOS, which strongly suggested that the target of all those antivirals (the DNA pol) was the site of the alteration (124) . From the mutations reported thus far, some conclusions on the regions involved in drug resistance can be drawn. In general, mutations located within the Exo I motif, region IV (including Exo II), the N-terminal extremity of ␦ region C (including Exo III), and region V are mostly associated with resistance to GCV and CDV. On the other hand, mutations located within the C-terminal extremity of ␦ region C and within or next to conserved regions II and VI seem to be mostly involved in FOS resistance. Finally, mutations reported within or next to conserved region III appear to be associated with various drug resistance or hypersusceptibility phenotypes (Fig.  3) . It would therefore be tempting to define binding sites for dNTPs and pyrophosphates on the basis of the distribution of those HCMV mutations. However, the distribution of mutations affecting susceptibilities to adefovir and lobucavir (two other nucleotide or nucleoside analogues) (37) as well as the drug phenotypes associated with mutations in the same conserved regions of HSV and varicella-zoster virus DNA pol genes (53) preclude such conclusions from being made. This probably reflects the complex folding of the protein, which brings together distant conserved regions to form the specific binding sites, and definitive conclusions should await protein crystallization. Readers are referred to Fig. 3 and to a recent review (53) for an extensive list of DNA pol mutations associ- (9, 16, 78, 115, 138) . Vertical bars indicate the positions of mutations that have been associated with drug resistance. Other mutations (at codons 304, 393, 406, 521, 691, 695, 737, 751, 830, 834, 841, 961, and 972) potentially associated with drug resistance have been reported, but the presence in the same isolate of other known UL54 resistance mutations or the lack of phenotypic evaluation have precluded the ability to make an association with drug resistance (23, 26, 44, 49, 75, 112, 116 ated with various drug resistance profiles. Among the most frequent DNA pol mutations associated with drug resistance are V715M, V781I, and L802M, which confer resistance to FOS, and F412C, L501I/F, and P522S, which confer resistance to GCV and CDV. Mutation A809V, which confers resistance to GCV and FOS, has also been reported with some frequency. Importantly, some mutations (E756K and V812L and the deletion of codons 981 and 982) have been associated with resistance to all three antivirals (28, 38) . With regard to the levels of resistance, mutations L501I and K513N and deletion of codons 981 to 982 have been associated with a 6-to 8-fold decrease in GCV susceptibility (28, 37, 38) and mutations F412C/V, K513N, and A987G have been associated with a 10-to 18-fold decrease in CDV susceptibility (30, 37, 38) , whereas mutations D588N, V715M, E756K, L802M, and T821I seem to confer 5.5-to 21-fold increases in resistance to FOS (5, 28, 30, 37, 98) . A few UL54 mutations have been studied in marker transfer experiments for their effects on viral fitness. Among those, mutations T700A and V715 M (conserved region II) (5), K513N (␦ region C) (38) , and D301N (Exo I motif) (28) were shown to significantly reduce the yield of progeny virus in cell culture supernatants, whereas some others (D413E, T503I, L516R, and E756K/D) were associated with only a modest attenuation of viral replication (28) . In the case of HCMV DNA pol mutants selected during GCV therapy, it should be noted that UL97 mutations have generally been shown to emerge first and to confer a low level of resistance (IC 50 Ͻ 30 M), whereas the subsequent emergence of UL54 mutations usually leads to a high level of drug resistance (IC 50 Ͼ 30 M) (49, 65, 116) .
CONCLUSIONS AND PERSPECTIVES
When and how to monitor for HCMV resistance. HCMV resistance to antivirals should be primarily suspected in the context of patients who have been exposed to an antiviral for substantial periods of time (typically, after Ͼ3 to 4 months of treatment in AIDS patients and after long-term prophylaxis in transplant recipients), especially if some risk factors are present (i.e., Dϩ/RϪ SOT, lung or kidney-pancreas transplant, and AIDS with CD4 counts Ͻ50 cells/l). In addition, clinical resistance is more likely if active viral replication (high or increasing levels of DNAemia, antigenemia, or viremia) persists, despite treatment with the maximum i.v. doses of the antivirals (80, 102) . On the other hand, rising antigenemia levels during the first 2 weeks of antiviral therapy in HSCT recipients have not been associated with antiviral resistance but, rather, have been associated with host and other transplant-related factors (52, 103) . Whenever antiviral resistance is suspected, phenotypic and/or genotypic investigation for resistance should be undertaken when these tests are available. As discussed above, genotypic methods are fast and more convenient and provide useful information for selection of an alternative treatment. However, identification of mutations of unknown significance remains problematic, and for that reason, phenotypic assays may still be necessary. The choice of the sample to be analyzed may also have some importance. Some studies have reported that there is a good correlation between the genotypes of strains detected in the eyes and the blood (93.5%) (60) and between isolates detected in the blood and urine (87.5%) (65) of AIDS patients with HCMV retinitis. However, there have been at least some reports of resistant HCMV strains restricted to specific body compartments (44, 84) . This suggests that resistance assessment solely on the basis of the findings from blood or urine isolates may be suboptimal in some cases.
Management of infections caused by resistant HCMV strains. Resistance should be suspected when stable or rising viral loads (especially DNAemia levels) or the persistence of clinical symptoms is observed 1 week or more after the receipt of appropriate full-dose i.v. antiviral therapy. In this context, clinical decisions on disease management should be based on genotypic analysis of UL97 and UL54 genes (when available), the immune status of the patients (e.g., patients with poor immune status, such as high-risk Dϩ/RϪ recipients and lung transplant recipients), and disease severity (i.e., sight-or lifethreatening conditions) (41, 80) . Despite its limitation, as mentioned above, genotypic testing for resistance is more practical and rapid (results are available in 72 to 96 h) than phenotypic assays. Thus, ideally, rescue therapy should be based on the results of the genotypic assays. In centers where genotypic testing is unavailable or is performed infrequently, initial management should avoid the use of drugs with similar pathways of resistance. For instance, patients failing GCV should be given FOS in the absence of any sequencing data due to possible, albeit rare, UL54 mutations that usually confer resistance to both GCV and CDV. On the other hand, if UL97 and UL54 sequencing data are available and indicate that only UL97 mutations are present, then CDV therapy can be attempted. Other empirical options for patients failing GCV therapy could consist of treatment reinduction of the patient with higher-than-normal doses of GCV (up to 10 mg/kg of body weight i.v. twice a day) or the use of combination therapy with reduced GCV and FOS doses (100, 120) , although these strategies are associated with significant toxicity and can be clinically risky in patients with life-or sight-threatening diseases. Whenever possible, improvement of the patient's immune status (i.e., reduction of the immunosuppressive regimen in transplant recipients or aggressive antiretroviral therapy in AIDS patients) should also be considered. The HCMV load should be carefully monitored (once weekly) while the patient is receiving therapy, and treatment should be continued for at least 1 week after the viral load becomes undetectable.
Investigational compounds. In addition to efforts that are being made to develop an oral formulation of CDV (11) , new compounds with anti-HCMV activity are being developed. These drugs belong to different classes that include benzimidazole derivatives, 4-sulfonamide-substituted naphthalene derivatives, benzathidazine-modified acyclonucleosides, tricyclic inhibitors, indolocarbazoles, and an experimental immunosuppressive agent (46, 96) . Among the promising candidates, maribavir (1263W94; GlaxoSmithKline) is an L-ribofuranosyl derivative of BDCRB (2-bromo-5,6-dichloro-1-␤-D-ribofuranosyl-benzimidazole; a benzimidazole derivative) that has been shown to have good bioavailability and toxicity profiles in humans (71, 128) and that has been associated with a potent inhibitory effect on HCMV replication in vitro (14, 71) and in vivo (76) . Maribavir is thought to prevent the exit of nucleocapsids from the nucleus (nuclear egress) and DNA replication by direct inhibition of pUL97 (Fig. 2) (14, 72) , and mutations conferring resistance to this drug have been mapped to this gene (14) as well as the UL27 gene (32, 70) . Other promising compounds include another derivative of the prototype compound BDCRB, the D-ribopyranosyl derivative GW275175X (GlaxoSmithKline), as well as the nonnucleosidic 4-sulfonamide-substituted naphthalene derivative tomeglovir (BAY-384766; Bayer). Both compounds showed good inhibitory activities against HCMV replication (92, 111, 127) and seem to interfere with cleavage of concatameric DNA molecules and encapsidation, which involve pUL89 and pUL56, respectively (24, 127) .
